A major challenge in neuroscience is to resolve the connection between gene functionality, neuronal circuits, and behavior. Most, if not all, neuronal circuits of the adult brain contain a glutamatergic component, the nature of which has been difficult to assess because of the vast cellular abundance of glutamate. In this study, we wanted to determine the role of a restricted subpopulation of glutamatergic neurons within the forebrain, the Vglut2-expressing neurons, in neuronal circuitry of higher brain function. Vglut2 expression was selectively deleted in the cortex, hippocampus, and amygdala of preadolescent mice, which resulted in increased locomotor activity, altered social dominance and risk assessment, decreased sensorimotor gating, and impaired long-term spatial memory. Presynaptic VGLUT2-positive terminals were lost in the cortex, striatum, nucleus accumbens, and hippocampus, and a downstream effect on dopamine binding site availability in the striatum was evident. A connection between the induced late-onset, chronic reduction of glutamatergic neurotransmission and dopamine signaling within the circuitry was further substantiated by a partial attenuation of the deficits in sensorimotor gating by the dopamine-stabilizing antipsychotic drug aripiprazole and an increased sensitivity to amphetamine. Somewhat surprisingly, given the restricted expression of Vglut2 in regions responsible for higher brain function, our analyses show that VGLUT2-mediated neurotransmission is required for certain aspects of cognitive, emotional, and social behavior. The present study provides support for the existence of a neurocircuitry that connects changes in VGLUT2-mediated neurotransmission to alterations in the dopaminergic system with schizophrenia-like behavioral deficits as a major outcome.
Introduction
All neuronal circuits of the nervous system contain an excitatory component, and the most common excitatory neurotransmitter in the adult nervous system is glutamate. The presence of glutamate in all cells, combined with the long-standing lack of presynaptic glutamatergic markers long hampered studies of the glutamatergic neuron itself, as well as its role in the neurocircuitry of specific functions.
Identified a few years back, vesicular glutamate transporters 1 and 2 (VGLUT1 and VGLUT2) are now recognized as reliable markers of glutamatergic neurons. The Vglut1 (Slc17a7 ) and Vglut2 (Slc17a6 ) genes are specifically expressed in glutamatergic neurons and are responsible for the vesicular packaging of glutamate in the presynaptic axon terminal (Bellocchio et al., 2000; Takamori et al., 2000 Takamori et al., , 2001 Fremeau et al., 2001; Herzog et al., 2001 ). In the adult mouse brain, the expression of Vglut1 and Vglut2 show a complementary and mainly reciprocal distribution, and together, the two transporters cover most of the established glutamatergic neurons (Fremeau et al., 2004a) . Vglut2 predominates in the thalamus, hypothalamus, deep cerebellar nuclei, certain amygdaloid nuclei, and brainstem (Fremeau et al., 2001; Herzog et al., 2001; Sakata-Haga et al., 2001; Kaneko and Fujiyama, 2002; Stornetta et al., 2002; Varoqui et al., 2002; Oliveira et al., 2003) , whereas Vglut1 predominates in the cerebral cortex and hippocampus, structures with only restricted Vglut2 expression. The temporal onset of Vglut1 and Vglut2 expression differs in that Vglut1 expression is upregulated around birth and peaks at 2 week of age, whereas Vglut2 expression is widely distributed during embryogenesis, peaks at around birth, and subsequently becomes downregulated in cells in which Vglut1 is progressively upregulated (Fremeau et al., 2004b) . The difference in their expression patterns provides an explanation for the phenotypes observed in mice carrying targeted deletion of the Vglut1 and Vglut2 genes, respectively. Vglut1-null mutant mice are viable but suffer a progressive neurological phenotype that includes blindness and an enhanced startle response (Fremeau et al., 2004b; Wojcik et al., 2004) . In contrast, Vglut2-null mutant mice die immediately after birth because of failure of the respiratory central pattern generator in the brainstem (Moechars et al., 2006; Wallén-Mackenzie et al., 2006) . Thus, highly divergent roles for the VGLUT1 and VGLUT2 proteins are implied in the nervous system; however, because of the neonatal lethality of the Vglut2 mutant mice, the role of VGLUT2-mediated neurotransmission in higher brain function is still unknown.
A putative role for dysregulated glutamate neurotransmission in diseases of mental processes has been recognized since the discovery that phencyclidine (PCP), a noncompetitive inhibitor of the NMDA glutamate receptors, could induce a psychotic state in humans that was very similar to schizophrenia (Luby et al., 1959; Allen and Young, 1978) . This complex disease is characterized by positive symptoms, such as hallucinations and thought disorder, negative symptoms that include blunted affect and deficits in social behavior, and symptoms of cognitive dysfunction, such as deficits in memory, attention, and problem solving (Lewis and Lieberman, 2000; Tamminga and Holcomb, 2005 ). The classical model for explaining schizophrenia, the so-called dopamine hypothesis of schizophrenia, which suggests a subcortical dopaminergic hyperactivity, is based on the fact that a majority of antipsychotic drugs used to treat schizophrenia target the dopamine D 2 receptors (Seeman et al., 1976) .
In this study, we deleted Vglut2 during the third postnatal week in the cortex, hippocampus, and amygdala of mice with the purpose of investigating whether VGLUT2-mediated neurotransmission has a role in neuronal circuitry of higher brain function despite its limited expression in forebrain areas.
Materials and Methods
Generation of Vglut2-null animals. The Vglut2 targeting construct and genotyping of mice was performed as previously published (Wallén-Mackenzie et al., 2006) . Vglut2 f/f mice were crossed to nestin-Cre and CaMKII␣-Cre mice (Minichiello et al., 1999) to generate mutant mice with specific forebrain deletion of VGLUT2 (Vglut2 f/f;nestin-Cre and Vglut2 f/f;CaMKII-Cre ). Male nestin-Cre mice were used for breeding to ensure promoter-specific expression of Cre. The appropriate local Swedish ethical committees have approved all experiments involving live animals (Permissions C156/4, C284/6, 285/2006) .
In situ hybridization histochemistry. Floating in situ hybridization was performed as described previously (Lagerström et al., 2007) . The Vglut2 probe covers nucleotides 1616 -2203 (NCBI accession number NM_080853.2), Vglut1 probe covers 462-1067 (NM_182993), VIAAT covers 1578 -1889 (NM_009508.1), TH covers 1300 -1726 (NM_009377.1), and DRD2 covers 2093-2545 (NM_010077.1).
Immunofluorescence histochemistry. Immunofluorescence was performed as described previously (Wallén-Mackenzie et al., 2006) . Stacks of confocal images were analyzed using the three-dimensional image software Volocity (Improvision). To exclude background, volumes with intensities ranging from 1.5 to 19 SDs were counted and measured. Volumes smaller than 0.034, 0.037, and 0.39 m 3 were excluded for striatum and hippocampus, cortex, and cerebellum, respectively. For dorsolateral striatum (bregma, 1.1-0.22) and nucleus accumbens (bregma, 1.1-0.74), each measured volume was 0.3 ϫ 10 5 ; for cortex (bregma, 1.46 -1.94 mm), each measured volume was 1 ϫ 10 4 ; for cerebellum (bregma, Ϫ5.68 to Ϫ6.0 mm) and hippocampus (bregma, Ϫ1.46 -1.94 mm), each measured volume was 1 ϫ 10 5 m 3 , and six, nine, nine, three, and three volumes were measured per animal. In cerebellum, one measured area was in lobus flocculus, and two measured areas were in the cerebellar lobus 2. Two animals per genotype were used.
Quantitative real-time PCR. Mouse mRNA was extracted from brain tissues and converted into cDNA as previously described . Quantitative real-time PCR was used to analyze differences in expression levels between Vglut2 f/f;CaMKII-Cre mice and controls. All expression data were analyzed in duplicates, compensated for differences in primer efficiencies, and normalized against at least three stable housekeeping genes as previously described (Lindblom et al., 2006) . The Grubbs test was used to identify and remove outliers. Differences in gene expression between groups were analyzed with the Mann-Whitney U test.
Prepulse inhibition of the acoustic startle. Acoustic startle was recorded by a MOPS 3 startle response recording system (Metod och Produkt; Svenska AB). The animals were placed in small Plexiglas cages (10 ϫ 5.5 ϫ 5.5 cm), which were suspended by a piston connected to a piezoelectrical sensor in a dimly lit and sound-attenuated cabinet (52 ϫ 42 ϫ 38 cm). A sudden movement of the animal inside the cage caused a displacement of the piston, thereby producing a signal detected by a connected microcomputer. The acoustic signal consisted of white noise delivered to the animal by two high-frequency loudspeakers built into the ceiling of the cabinet. A continuous acoustic signal provided a background white noise level of 62 dB(A) inside the cabinet. This signal was interrupted at stimulus presentations by a burst of white noise with a rise/decay time of 1 ms. Startle pulse intensity was set to 105 dB(A) and the prepulse intensities used were 68, 71, and 74 dB(A). Startle pulse duration was set to 20 ms, and prepulse duration was set to 20 ms. The prepulse was separated from the startle pulse by a delay of 40 ms. After an 8 min adaptation period with only background noise, the mice were subjected to five consecutive startle pulses, which were omitted from the analysis. Thereafter, the mice were presented with trials from three categories: startle pulse alone (3 ϫ 15), prepulse alone (3 for each prepulse intensity), and prepulse plus startle pulse (15 for each prepulse intensity) in a pseudorandomized order. The individual trials were separated by intervals of varying length (5-15 s) and the total time of the test was 23 min including the adaptation period. The mean response amplitudes for pulse-alone ( P) and prepulse plus pulse (PP) trials were calculated for each mouse and used to express the percentage prepulse inhibition according to the following formula: Prepulse inhibition (%) ϭ 100 Ϫ ((PP/P) * 100).
A subset of the mice were tested first without treatment and then tested again the next day after systemic (intraperitoneal) administration with aripiprazole (2.5 mg ⅐ kg Ϫ1 ). Aripiprazole was given 15 min before the start of the test. Phencyclidine (5 mg ⅐ kg Ϫ1 ) was administered to a subset of animals exactly as above with the exception that the injection was given 5 min before the start of the test.
Social behavior. The social dominance tube test (Lindzey et al., 1961 ) and the social interaction test (File, 1980) was used to assess social behavior. In the tube test, a control littermate and a mutant mouse of the same sex were placed at opposite ends of a 30-cm-long and 3.5-cmdiameter tube and released. A subject was declared a "winner" when its opponent backed out of the tube. Each pairing was performed twice. For the social interaction test, male and female mice were housed in groups and tested individually in a social interaction paradigm by placing them in a novel arena (40 ϫ 25 cm). Tests were performed between 9:00 and 11:00 A.M., and luminosity was maintained at 5-7 lux. The test subject was placed together with a sex-matched NMRI mouse and was free to interact for a 10 min period. Interaction time and number of interactions were recorded and scored by a single observer blind to the genotype of the subject. Mounting, grooming, sniffing, fighting, and following were considered as interaction. For the second set of experiments, the same pair of animals (NMRI mouse and test subject) was reunited under the same conditions 48 h after the first interaction.
Morris water maze. A water maze paradigm modified after that of Morris (1984) was used to study spatial learning and long-term memory. The maze consisted of a circular pool with a diameter of 1.4 m and a circular Plexiglas escape platform (HVS Image) with a diameter of 10 cm. The pool was filled with water of a temperature of 24 Ϯ 1°C, and the water surface was kept 1 cm above the platform. The mice were given an acclimatization training session in the water maze for 30 s during which the platform was removed. Two days later, a 6 d acquisition training began. The platform position was held constant throughout the 6 acquisition days, and the starting positions were randomized. An acquisition session consisted of five consecutive swims, each swim lasting a maximum of 60 s followed by a 30 s platform rest. The mean of each acquisition session was calculated and plotted. Long-term memory was assessed 48 h after the last day of acquisition by removing the platform and allowing animals to search the pool for 60 s (probe test). Data recordings were made using the 2020 Plus Tracking System (HVS Image), and learning was defined as mean time to find the platform during acquisition and long-term memory was defined as cumulative distance to previous platform position during the probe test, according to the Gallagher cumulative distance to platform (Gallagher et al., 1993) .
The multivariate concentric square field. The multivariate concentric square field (MCSF) test is designed to include opportunity for exploration, risk assessment, risk taking, shelter seeking, and approach and avoidance behavior in rodents. The guiding principle for the MCSF test is that it is unprejudiced (i.e., the test is not designed to measure a particular mental condition). In one and the same trial, the animal is exposed to a free choice of different environmental settings and items that provide the opportunity to detect essential features of the animal's mentality. In this way, a behavioral profile is generated ). The total arena area is 72 ϫ 72 cm, divided into a central field (CENTER) (40 ϫ 40 cm) and a peripheral corridor area 15 cm wide. The arena is built in black PVC (4 mm thick) with the exception of the outer wall of the BRIDGE area that was made of clear Plexiglas. The walls in the arena are 25 cm high with the exception of the walls surrounding the bridge that were 40 cm high. Within the central arena, a circular zone (CENTRAL CIRCLE) was defined. The zones CENTRAL SQUARE and CENTRAL CIRCLE were added into a cumulative zone named TOT CENTRE. From the central arena, the mice could enter three different corridors (EAST, SOUTH, WEST) through holes (diameter, 8 cm) in the central arena walls. The data from the three different corridors were added into one cumulative category named TOT CORR. The southeastern corner area was closed off by walls and covered with a black lid, thereby providing a dark corner room (DCR) (18 ϫ 18 cm). The mice could enter the room from the east corridor side through a hole in the wall (8 cm). The southwestern corner area was closed off by walls to create the HURDLE room (18 ϫ 18 cm) to which the mice had to climb through a hole situated 8 cm above the floor from either one of the adjacent corridors. A bridge structure was situated in the northern corridor. The bridge had slopes covered with a gray ribbed rubber mat, whereas the actual bridge (BRIDGE) consisted of a metal grid. The bridge was illuminated by a 40 W light source (125-190 lux) and led over a 45 cm gap. It could be climbed from two sides (SLOPE EAST and SLOPE WEST). The two slope zones were added into one cumulative category named TOT SLOPE. The test was performed by releasing the mouse in the central arena outside the CEN-TRAL CIRCLE. The mouse was allowed to explore the apparatus for 20 min. Between the testing of each animal, the bridge and slope area were washed with soapy water. The test was performed in dimly lit conditions (DCR, Ͻ1; CENTRE, 30; CORRIDORS, (10) (11) (12) (13) (14) (15) with the exception of the bridge area. The test was videotaped and analyzed manually for latency (LAT), frequency (FRQ), and duration (DUR) to previously assigned zones. This MCSF and the functional interpretation of the various parameters generated have also been described in detail previously ( Total activity. Mice were housed individually in plastic cages in a room with an ambient temperature of 22°C and a 12 h light/dark cycle. The animals were tested between 8:00 A.M. and 1:00 P.M., under the same light and temperature conditions as in their cages. Ten mice were randomly chosen from each treatment group and drugs were administered by subcutaneous injections. Motor activity was measured during a 60 min period in an automated device consisting of a crate in which home cages (40 ϫ 25 ϫ 15 cm) were placed (Fredriksson et al., 1997) . All types of vibration within the test cage [i.e., those caused by mouse movements, shaking (tremors), and grooming] were registered by a gramophone-like pick-up mounted horizontally with a counterweight, connected to the test cage.
Porsolt test. We used a modification of the method described by Porsolt et al. (1977) . Mice were placed in a Plexiglass cylinder filled with water 25 cm deep to prevent animals from touching the bottom of the container with their tail. The water temperature was kept at 25°C to avoid temperature-related stress responses. Active time was defined as time spent swimming with at least three paws paddling. A mouse was considered inactive when floating and making only the movements necessary to keep its nostrils above the water. Behavior was recorded and analyzed blindly in two trials (trial 1 and trial 2) for 12 min per trial, and the active time was then expressed as swimming time. The potential betweengroup differences in activity/inactivity time were analyzed with a oneway ANOVA.
Frozen section autoradiography. [ 11 C]Raclopride was produced and delivered in a sterile buffered solution at Ͼ95% radiochemical purity according to a modified literature procedure following Uppsala Imanet, GE Healthcare, Standard Manufacturing Procedure. Frozen brain sections (20 mm) were prepared in a cryomicrotome and put on Superfrost glass slides. The slides were kept in a freezer (Ϫ20°C) until used. At the start of the experiment, the slides were preincubated at room temperature for 10 min in Trisϩ buffer (50 mM Tris plus 120 mM NaCl plus 5 mM KCl plus 1 mM MgCl 2 plus 2.5 mM CaCl 2 , pH 7.4). The slides were then transferred to containers containing 3 nM [
11 C]raclopride in Trisϩ buffer. In a duplicate set of containers, 1 M unlabeled raclopride was added to block specific binding. After incubation for 30 min, the slides were washed three times for 3 min each time in buffer (0°C). The slides were dried in a heated (37°C) oven and exposed to phosphorimaging plates (GE Healthcare) for 40 min and scanned in a PhosphorImager model 400S (purchased from GE Healthcare). Regions of interest were drawn around the striatal area and quantified using ImageQuant, version 5.1 (GE Healthcare).
PET experiments. The animal was placed in a cylinder connected to an isoflurane vaporizer adjusted to deliver 3.8% isoflurane in a 40/60% mixture of oxygen and air. When the animal was unconscious, the concentration of isoflurane was reduced to 2.2%. A heparinized catheter (Venflon GA) was placed in the tail vein and connected to a 1 ml syringe with 0.9% NaCl. The animal was subsequently placed on the camera bed on a water-heated mat (38°C) and covered to reduce the loss of body temperature during the experiment with its abdomen down and hindlegs stretched out backward. The tracer was injected as a bolus dose 10 s after the camera start in a volume of ϳ100 l followed by 100 l of saline. Imaging was performed on a microPET R4 scanner (Concorde Microsystems), with a computer-controlled bed and 10 cm transaxial and 8 cm axial field of view. It operates exclusively in three-dimensional list mode and has no septa. All raw data were first sorted into three-dimensional sinograms, followed by Fourier rebinning and two-dimensional filtered backprojection image reconstruction resulting in images with 2 mm 3 voxel resolution. Scatter correction, random counts, and dead time correction were all incorporated into the reconstruction algorithm. The acquisition time for the blank scan was 5 h and the 20 min transmission scan was generated with a spiraling point source containing 68Ge/68Ga (18.5 MBq) before injection of the tracer to correct the ensuing emission scan for attenuation scan. The time frames for the emission acquisition were as follows: 10 ϫ 30 s, 5 ϫ 120 s, and 5 ϫ 300 s (duration, 40 min; 20 frames). Regions of interest were drawn around the striatal area and cerebellum and TACT curves were generated using ASIPro VM, version 6.3.3.0, and the quotient striatum/cerebellum was calculated to normalize for injected dose fluctuations and body weight. The amount of the injected activity was approx 2.5 MBq/mouse. Pharmacokinetic curves representing the radioactivity concentrations were calculated as activity in organ (in kilobecquerels per milliliter).
Biochemical quantification of dopamine content. After cervical dislocation, the striata from Vglut2 f/f;CaMKII-Cre mice and littermate controls (n ϭ 22 per genotype) were rapidly dissected on ice. The pieces were placed in preweighed tubes and used for subsequent analysis by HPLC using electrochemical detection (HPLC-ED). After ultrasound homogenization (Sonifier Cell Disruptor B30; Branson Sonic Power) in 0.1 M perchloric acid with 2.5 mM Na 2 EDTA and subsequent centrifugation, dopamine content in homogenates was determined by HPLC-ED. Reverse phase with ion pair binding was used, and the resulting currents were analyzed by Dionex Chromeleon software (Dionex). Sample separation was performed over two Luna C 18 (2) 3 m columns (Phenomenex; mobile phase of 5 mM citric acid, 10 mM sodium citrate, 10% acetonitrile, 4% tetrahydrofurane, and 10 mM Na 2 EDTA, with or without 1-dodecanesulfonate), and amine content was detected by an amperometric detector (Waters 460; Millipore Waters).
Statistical analysis. Data were analyzed using unpaired two-tailed t test or one-way ANOVA with Bonferroni's post hoc comparisons unless otherwise stated. Values in graphs were expressed as mean Ϯ SEM.
Results
We recently demonstrated that complete targeted deletion of the Vglut2 gene in the mouse results in immediate neonatal death (Wallén-Mackenzie et al., 2006) . To establish that the phenotype was attributable to a nervous system-specific defect, we crossbred our mice carrying the conditionally targeted Vglut2 allele to the nestin-cre mouse line (Tronche et al., 1999) . The nervous system-specific removal of VGLUT2 phenocopied the complete deletion, confirming that specific deletion in the nervous system is sufficient to cause lethal defects. This experiment also verified that removal of the Vglut2 conditional targeted allele was possible in a tissue-specific manner (data not shown). Vglut2 expression starts early during development and Vglut2 mRNA can be readily detected in several brain structures (e.g., the developing cortex, hypothalamus, thalamus, tegmentum, and medulla already at embryonic day 12.5) (Wallén-Mackenzie et al., 2006) . We used mice expressing the Cre protein under regulation of the CaMKII␣ promoter to eliminate Vglut2 in higher brain regions at later stages and to avoid the early lethality resulting from germ line deletion of Vglut2. CaMKII␣-Cre mice express Cre from postnatal day 15 (P15) and onward in the hippocampus, cortex, and amygdala (Minichiello et al., 1999) . We confirmed the described expression pattern of the CaMKII␣-Cre mice by crossing them with two different reporter mice. Offspring from crossing with Z/AP reporter mice (Lobe et al., 1999) were analyzed at P6 by staining of brain sections for lacZ and alkaline phosphatase activity, which demonstrated a lack of Cre activity at this stage (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). In addition, offspring from crossing with Tau mGFP reporter mice were analyzed at P21 by staining of brain sections for LacZ activity, which showed expected expression in hippocampus, cortex, and amygdala (Hippenmeyer et al., 2005 ) (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material).
Specific deletion of Vglut2 in discrete regions of the cortex, hippocampus, and amygdala CaMKII␣-Cre mice were bred with mice carrying the conditional allele of Vglut2 to generate Vglut2 f/f;CaMKII-Cre mice (Fig. 1 A) . Mice homozygous for the conditional allele and carrying the Cre allele (n ϭ 52) were born in normal Mendelian ratios and were viable to adulthood. We determined the efficiency of the deletion in the Vglut2 f/f;CaMKII-Cre mutant mice using in situ hybridization with a probe recognizing the 3Ј end of Vglut2 mRNA. A restricted number of neuronal populations in two areas, the cortex and amygdala, could be identified that had lost their expression of Vglut2 mRNA. The cortical retrosplenial group (RSG), the hippocampal subiculum and presubiculum, as well as some neurons scattered in the entorhinal and piriform cortex and in cortical layers III and V/VI composed the cortical area ( Fig. 1 ; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Four amygdaloid nuclei, the anterior cortical (ACo), the posterolateral cortical (PLCo), the basomedial amygdaloid (BMA), the medial amygdaloid (MeA) nuclei together with the bed nucleus of the accessory olfactory tract (BAOT) composed the amygdaloid area ( Fig. 1; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Slightly reduced levels of Vglut2 mRNA could be detected by in situ hybridization in the thalamus/hypothalamus area of one animal; however, this was not observed in analyses of additional animals. Instead, a more detailed analysis of the thalamus showed that Vglut2 mRNA is not lacking from any of the investigated thalamic subnuclei and that the levels of expression appeared similar in Vglut2 f/f;CaMKII-Cre mutant mice and littermate controls (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). We did not observe any major changes in any of the other brain regions in which Vglut2 is normally expressed, including the inferior and superior colliculus, lateral parabrachial nucleus, pontine reticular nuclei, periaqueductal gray, parabigeminal, red, mammilary, subthalamic, and geniculate nuclei (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). In conclusion, Vglut2 expression was selectively deleted in CaMKII␣-expressing areas.
Loss of VGLUT2 presynaptic labeling in projection areas
The loss of Vglut2 mRNA leads to the subsequent loss of VGLUT2 protein production. Our previous results from electron microscopy studies have demonstrated that loss of VGLUT2 results in malformed and reduced number of presynaptic vesicles (Wallén-Mackenzie et al., 2006) . By using a VGLUT2-specific antibody, we analyzed whether changes in VGLUT2 protein levels were detectable in the presynaptic terminals of the projection target areas of the neurons that had lost Vglut2 mRNA expression. The striatum, cortex, and hippocampus all receive glutamatergic in-put from the affected areas. In the striatum, nucleus accumbens, and cortex of Vglut2 f/f;CaMKII-Cre mice, a significant reduction in VGLUT2-immunopositive varicosities was detected (30%, p ϭ 0.0006; 11%, 1 ϫ 10 Ϫ6 ; and 16%, 0.006, respectively) (Fig. 2 A-H ,Q,R) (data not shown). Also, in the dentate gyrus of the Vglut2 f/f; CaMKII-Cre mouse hippocampus, a readily detectable and significant reduction of VGLUT2-immunopositive varicosities was detected (32%; p ϭ 0.036) (Fig. 2 I-L,S) . The cerebellar granular layer, which does not receive projections from the affected areas, was used as a control area and no differences in the number of VGLUT2-immunopositive varicosities could be detected in this region (Fig. 2 M-P,T ) . These data show that loss of Vglut2 mRNA leads to a significant reduction of VGLUT2-positive varicosities in the striatum, nucleus accumbens, cortex, and hippocampus. The detected loss of VGLUT2 in the dentate gyrus prompted us to test synaptic function in the glutamatergic synapses in the molecular layer of the dentate gyrus by electrophysiological measurements. However, no obvious indication of a disrupted synaptic transmission was observed when comparing basal synaptic strength, short-term plasticity, and long-term potentiation in the hippocampus between Vglut2 f/f;CaMKII-Cre and control mice (supplemental Fig. 4 , available at www. jneurosci.org as supplemental material). Furthermore, we also examined the basic properties of glutamatergic synaptic transmission in the striatum by performing extracellular recordings in acute corticostriatal brain slices, but no difference between control and Vglut2 f/f;CaMKII-Cre animals was detected in response to increased stimulation intensity or pulse number in 10 or 25 Hz (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). Thus, the detected 30% loss of VGLUT2 striatal terminals may not result in a measurable difference by these methods. In addition, the high abundance of VGLUT1-positive terminals in the striatum could possibly mask effects originating from loss of VGLUT2. 
Increased activity and risk taking in Vglut2
f/f;CaMKII-Cre mice The normal development and life span of Vglut2 f/f;CaMKII-Cre mice allowed us to determine whether lost VGLUT2-mediated neurotransmission affected behavior. For the behavioral analyses, mice older than 8 weeks were used to ensure that the Vglut2 deletion mediated by CaMKII␣-Cre was complete. In the elevated plus maze (Pellow et al., 1985) , Vglut2 f/f;CaMKII-Cre mice spent significantly less time in the closed arm but instead more time in the outer open arm compared with controls (110%; p ϭ 0.022) (Fig.  3A) . They also entered all areas more frequently than control mice (Fig. 3B) and had a higher general activity (148%; p ϭ 0.0002) relative to controls. To further explore the reduced anxiety and increased activity displayed by the mice in the plus maze, we turned to the more sensitive MCSF test . In the MCSF test, the mouse is exposed to various challenges for the assessment of general activity, exploration, risk assessment, risk-taking, and shelter-seeking behavior. Again, as can be seen in supplemental Table 1 (available at www.jneurosci. org as supplemental material), the Vglut2 f/f;CaMKII-Cre mice displayed a significant increase (40%; p ϭ 0.0008) in their total activity. Also, the Vglut2 f/f;CaMKII-Cre mice remained active during the entire test trial and were significantly more active relative to the control mice during the last three 5 min periods of the total 20 min trial time (Fig. 3C) . Furthermore, the Vglut2 f/f;CaMKII-Cre mice made more visits (43%; p ϭ 0.0006) and had a shorter duration per visit (40%; p ϭ 0.0005) in the corridors, which indicate that the Vglut2 f/f;CaMKII-Cre mice switched zones more often than the controls.
The MCSF was also used to measure additional behaviors.
Vglut2
f/f;CaMKII-Cre mice made significantly more visits to the hurdle than the controls, indicating an increased exploratory activity (55%; p ϭ 0.005). Measures of risk assessment (parameters related to the slope) revealed differences between the two groups.
f/f;CaMKII-Cre mice made more visits to the slope ( Fig. 3D ) and had a shorter duration per visit to the slope (40%; p ϭ 0.015), indicating a higher risk assessment behavior relative to the control mice. Measures of risk-taking behavior (parameters related to the bridge and the central circle) showed thatVglut2 f/f;CaMKII-Cre mice made more visits both to the bridge (27%; p ϭ 0.038) and the central circle (80%; p ϭ 0.0022) (Fig. 3E) and had a longer duration in the central circle (75%; p ϭ 0.0059) than control animals. Furthermore, measures of shelter-seeking behavior (parameters related to the dark corner room) showed that the Vglut2 f/f;CaMKII-Cre mice had a shorter duration (52%; p ϭ 0.0002) and duration per visit (Fig. 3F ) in the dark corner room, indicating less shelter seeking than the controls. The emotional state of the mice was further analyzed by the forced-swim test, which is a commonly used model for depression (Porsolt et al., 1977) . However, no significant differences between Vglut2 f/f;CaMKII-Cre and control mice were observed.
Together, these data suggest that Vglut2 f/f;CaMKII-Cre mice are hyperactive and are characterized by less avoidance of open areas, less shelter seeking and abnormal risk behavior, which may indicate a lower emotional reactivity than in the control animals.
Social and cognitive deficits in Vglut2
f/f;CaMKII-Cre mice Hyperactive behavior has been associated to the positive symptoms of schizophrenia, whereas blunted emotional expression has been associated to the negative symptoms (Ellenbroek et al., 2000) . To get a wider assessment of a potential resemblance of the behavior of the Vglut2 f/f;CaMKII-Cre mice to schizophrenia-like behaviors, analyses of relevance for negative as well as cognitive dysfunctions were performed (Swerdlow and Geyer, 1998; Ellenbroek et al., 2000; Arguello and Gogos, 2006) . Negative symptoms include impaired social behavior, and therefore, we tested the Vglut2 f/f;CaMKII-Cre mice for this parameter. The social dominance tube test revealed that Vglut2 f/f;CaMKII-Cre mice were characterized by significantly fewer wins, which could suggest a less dominant phenotype (Fig. 4 A) . We also tested the mice twice in a social interaction test. Vglut2 f/f;CaMKII-Cre mice spent significantly more time than controls interacting with a newly introduced 
010), suggesting hyperactivity (B). C-F, MCSF analysis on adult Vglut2
f/f;CaMKII-Cre mice and control littermates. The sum of visits to all zones in the MCSF analysis split into four 5 min periods show that the activity in Vglut2 f/f;CaMKII-Cre mice increase between the first and second 5 min period ( p ϭ 0.019). In control littermates, the activity is significantly lower in period 4 ( p ϭ 0.0097) than in period 1 and shows a tendency to decrease over time. In Vglut2 f/f;CaMKII-Cre mice, the activity is higher in period 4 than in period 1, suggesting that the mutant mice have difficulties in adapting to new environments. Furthermore, during periods 2-4, the Vglut2 f/f;CaMKII-Cre mice had a significantly higher activity ( p ϭ 0.0011, p ϭ 0.0035, p ϭ 0.0002, respectively) compared with the control littermates (n ϭ 16 -18/group) (C). The number of visits to the slope is significantly increased ( p ϭ 0.0153) in Vglut2 f/f;CaMKII-Cre mice compared with controls, indicating altered risk assessment behavior (D). Vglut2 f/f;CaMKII-Cre mice make significantly more visits to the central circle compared with littermate controls ( p ϭ 0.0022), indicating less avoidance of open areas (E). The duration of each visit to the dark corner room is significantly shorter ( p ϭ 0.0002) in Vglut2 f/f;CaMKII-Cre mice compared with controls (n ϭ 16 -18/group) (F ). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 compared with control littermates (C-F ) (Mann-Whitney U test); # p Ͻ 0.05 compared with the respective period 1 (Wilcoxon signed-rank test). Error bars indicate SEM.
counterpart across both days in a 2 d trial (Fig. 4 B) . This increase in interaction time was not explained by their general increase in motility, because the total number of interactions did not differ between Vglut2 f/f;CaMKII-Cre mice and controls (data not shown). Both Vglut2 f/f;CaMKII-Cre mice and controls learned equally fast to recognize their counterpart as evidenced by a comparable decrease in interaction time on the second day (Fig. 4 B) . To investigate cognitive abilities, animals were tested for spatial learning and long-term memory in a modified Morris water maze test. Both Vglut2 f/f;CaMKII-Cre mice and controls showed significant learning over the 6 acquisition days (Fig. 4C) . Although there was no significant effect of genotype on learning, Vglut2 f/f;CaMKII-Cre mice displayed significantly impaired spatial long-term memory compared with controls (Fig. 4 D) . The data were also analyzed with regard to time spent in the target quadrant during the test day, demonstrating a tendency for Vglut2 f/f;CaMKII-Cre mice (n ϭ 8; 25.3 Ϯ 2.3) to spend less time in the target quadrant compared with controls (n ϭ 5; 31.2 Ϯ 5.9). This test demonstrated that learning abilities were similar between Vglut2 f/f;CaMKII-Cre mice and controls, whereas long-term memory of Vglu2 f/f;CaMKII-Cre mice was significantly impaired.
To assess the integrity of the preattentive filter mechanisms that are commonly disturbed in schizophrenia-like behavior, we measured prepulse inhibition (PPI) of the acoustic startle response in Vglut2 f/f;CaMKII-Cre mice and controls. The PPI paradigm allows for the study of a homologous behavior across species and is therefore well suited for investigating information processing in both rodents and humans (Swerdlow and Geyer, 1998; Arguello and Gogos, 2006) . Interestingly, Vglut2 f/f;CaMKII-Cre mice showed a significantly impaired PPI across all tested prepulse intensities, 6, 9, and 12 dB, when compared with controls (Fig. 4F) , and also showed a lower acoustic startle response (Fig. 4E) . A subgroup of mice were tested for PPI, challenged with the glutamate antagonist phencyclidine 48 h later, and then retested to investigate glutamate system integrity. No interaction effect could be demonstrated in this group of animals, when analyzing treatment by genotype. However, when Vglut2 f/f;CaMKII-Cre mice and controls were tested at the 12 dB intensity before phencyclidine treatment, they differed significantly in their PPI levels (Fig. 4G) . The difference did not remain after treatment, tentatively suggesting that Vglut2 f/f;CaMKII-Cre mice were less susceptible to the disruptive effects of phencyclidine on PPI at this prepulse intensity.
No effect on distribution of neuronal populations by the Vglut2 deletion
Given the substantial alteration in the Vglut2 f/f;CaMKII-Cre mice in higher brain functions such as cognitive, social, and emotional behavior as a result of the selective Vglut2 deletion, we wanted to investigate the putative effects on additional neuronal populations. First, real-time PCR was used to quantify the amounts of all three vesicular glutamate transporters, including Vglut3, which is not exclusively expressed in glutamatergic neurons (Gras et al., 2002) , and the excitatory amino acid carrier 1 (EAAC1) in mRNA extracted from four different regions of the brain in which Vglut2 mRNA and/or VGLUT2-positive presynaptic terminals had been lost, the amygdala, cortex, hippocampus, and striatum (Figs. 1, 2) . mRNA extracted from the cerebellum was used as control region because it was not affected by the Vglut2 mutation. As expected, based on in situ data (Fig. 1) , our results demonstrated that Vglut2 mRNA levels were significantly decreased in the hippocampus and cortex. Vglut1 and EAAC1 mRNA levels were not significantly affected in any of the brain regions analyzed; however, we could detect a small but significant decrease of Vglut3 in the cortex (Fig. 5A) . To detect possible changes in neuronal distribution and density, brain sections were analyzed using in situ hybridization. No major changes of Vglut1-expressing glutamatergic neurons in the cortex and hippocampus (Fig. 5B-E) could be detected. Inhibitory neuronal populations, as detected by their expression of vesicular inhibitory amino acid transporter (VIAAT ), appeared normal in all areas analyzed (Fig.  5F-I ) .
The described reciprocal action of glutamate and dopamine in cortical and subcortical regions warranted special attention to be drawn to the midbrain dopamine neurons. Components of the nigrostriatal and mesocorticolimbic systems were detected by their expression of tyrosine hydroxylase (TH ) (Fig. 5J-M ) (data E) ; VIAAT in the cortex, striatum, and nucleus accumbens (F, G) and in the hippocampus, zona incerta, subincertal nucleus, the reticular thalamic nuclei, and the central and medial amygdaloid nuclei (H, I ) ; TH in the ventral tegmental area (J, K ) and the substantia nigra (L, M ); and DRD2 in the striatum, olfactory tubercle, and nucleus accumbens (N, O) and in the ventral tegmental area (P, Q). Scale bar, 0.9 -1.3 mm. Bregma levels are shown in the bottom right corner. not shown) and the dopamine D 2 receptor (DRD2) (Fig. 5N-Q) . The distribution and density of dopaminergic neurons in the substantia nigra pars compacta (Fig. 5J-M, P, Q) and ventral tegmental area were normal (Fig. 5 J, K , P, Q) as were the DRD2-expressing neurons in the striatum (Fig. 5 N, O) . Additional target areas of the mesolimbocortical pathway, including the nucleus accumbens and the olfactory tubercle were also assayed for DRD2 expression, and no difference was found between Vglut2 f/f;CaMKII-Cre and control brains. In summary, the data demonstrate that the cellular distribution and density of Vglut1-expressing glutamatergic neurons, VIAAT-expressing inhibitory neurons, midbrain dopaminergic neurons, and their target neurons, as detected by mRNA expression, remain similar in the controls and Vglut2 f/f;CaMKII-Cre mutants.
Dopamine receptor upregulation and normalization of PPI
We were interested in examining putative effects on the dopaminergic system further. DRD2 distribution was analyzed in frozen brain sections by autoradiography after binding of the radiolabeled DRD2 ligand [ 11 C]raclopride. In accordance with the striatal expression of DRD2 (Fig. 6 A) , a strong specific binding of [ 11 C]raclopride was localized to the striatum (Fig. 6 B) . Comparison of Vglut2 f/f;CaMKII-Cre and control mice did not reveal a difference in [
11 C]raclopride-specific binding on striatal sections (control, 0.63 Ϯ 0.08 AU; Vglut2 f/f;CaMKII-Cre , 0.71 Ϯ 0.08 AU; n ϭ 6; p ϭ 0.15).
We next used positron emission tomography (PET) to measure binding of [ 11 C]raclopride in living mice (Fig. 6C-H , red area). In the PET scans, an intense signal was detected in the area of the striatum, nucleus accumbens, and the olfactory tubercle (hereafter shortened the striatal area). The cerebellum was devoid of any significant binding and the kinetics of radioactivity in the cerebellum was similar in all animals (data not shown). To normalize for body weight and administered radioactivity, the ratio between uptake in the striatal area and cerebellum was calculated. A progressively higher degree of [ 11 C]raclopride binding was observed in the striatal area of Vglut2 f/f;CaMKII-Cre mice compared with control mice (Fig. 6 I) . In measurements performed 40 min 11 C]raclopride in striatum (black cross defines a three-dimensional point). Coronal (C, E, G) and sagittal (D, F, H ) views are shown. In the sagittal view, head glands can be seen rostrolaterally of the striatum. This glandular retention of radioactivity is observed with many PET tracers and is not attributable to specific binding to receptors. I,[
11 C]Raclopride uptake curves shown as the ratio between striatum and cerebellum measured in two animals of each genotype. Vglut2 f/f;CaMKII-Cre mice tend to have a progressively higher binding ratio over a 40 min period. J, [
11 C]Raclopride uptake after 40 min shown as the ratio between striatum and cerebellum. Female Vglut2 f/f;CaMKII-Cre mice have a significantly higher binding ratio (1.7-fold) than control females (n ϭ 2-3/group; p ϭ 0.031). K, Prepulse inhibition before and after challenge with aripiprazole at prepulse intensities of 9 and 12 dB above background. A significant difference in prepulse inhibition between Vglut2 f/f;CaMKII-Cre mice (filled circles; n ϭ 11) and controls (open circles; n ϭ 11) was observed before but not after aripiprazole treatment (9 dB, p ϭ 0.017; 12 dB, p ϭ 0.0039, Student's t test). Error bars indicate SEM; *p Ͻ 0.05 compared with control littermates.
after injection, there was a significant 70% increase ( p ϭ 0.031) of [
11 C]raclopride binding in the striatum ofVglut2
f/f;CaMKII-Cre mice (Fig. 6 J) . These experiments suggest an effect of the Vglut2 targeted mutation on the activity of the dopamine system, a finding that was further corroborated by electrochemical detection of dopamine in striata of ofVglut2 f/f;CaMKII-Cre and control mice using HPLC. Analysis of homogenates from freshly prepared tissue showed a significant 17% upregulation of dopamine content in the mutant striatum (control, 0.019 Ϯ 0.001; Vglut2 f/f;CaMKII-Cre , 0.023 Ϯ 0.001 fmol/g wet tissue; n ϭ 20; p ϭ 0.04). Subsequently, we analyzed the behavior of the mice in response to drugs that affect the dopamine system. First, the novel dopamine-stabilizing antipsychotic drug aripiprazole was tested for its ability to attenuate the impaired PPI demonstrated in Vglut2 f/f;CaMKII-Cre mice (Fig. 6 K) . In similarity to the phencyclidine experiment (Fig. 4G) , no significant genotype by treatment interaction effect could be shown in this group of animals. Nevertheless, whereas Vglut2 f/f;CaMKII-Cre mice and controls displayed significantly different PPI levels at the 9 and 12 dB intensities, this difference was absent after aripiprazole treatment (Fig. 6 K) . This suggests a trend toward a normalization of PPI in aripiprazole-treated Vglut2 f/f;CaMKII-Cre mice and supports an effect of the targeted mutation on the dopamine system. We next subjected Vglut2 f/f;CaMKII-Cre mice and littermate controls to amphetamine or 8-hydroxy-2-(di-n-propylmino)tetralin (8-OH-DPAT) treatments and analyzed their level of activity. Interestingly, amphetamine treatment, which affects the dopaminergic system via the dopamine transporter, significantly increased the activity of the Vglut2 f/f;CaMKII-Cre mice compared with the controls (30%; p Ͻ 0,01), whereas treatment with 8-OH-DPAT, a 5-HT 1A receptor agonist, did not alter their total activity (Fig. 7) . These results further strengthen the observation that the dopamine system is affected downstream of the Vglut2 mutation.
Discussion
We generated a genetic mouse model with reduced VGLUT2-mediated neurotransmission by selective deletion of VGLUT2-mediated glutamatergic neurotransmission in CaMKII␣-specific areas of the forebrain. This model has unique properties, because it targets the presynaptic site of the glutamatergic synapse with late onset in the juvenile animal. Despite the restricted deletion of Vglut2 in this model, the mice exhibit a prominent alteration in their behavior. The Vglut2 f/f;CaMKII-Cre mice show reduced anxiety and increased locomotion in the elevated plus maze, a finding that was strongly corroborated by analysis in the MCSF. In contrast, we do not find impairments in depressive behavior measured by the Porsolt forced swim test, nor in learning or synaptic function in the dentate gyrus. In addition to the hyperlocomotion and blunted anxiety, the mice show impairments in spatial long-term memory and prepulse inhibition. The selective deletion of Vglut2 expression in neurons of the cortical and amygdaloid areas is in all probability responsible for the observed altered behaviors in the Vglut2 f/f;CaMKII-Cre mice.
VGLUT2 in neurocircuitry of higher brain function
To better understand the neurocircuitry responsible for the altered behavior in Vglut2 f/f;CaMKII-Cre mice, we analyzed target areas of the neurons that had lost their Vglut2 expression. The amygdaloid nuclei projecting to the striatum include the basolateral amygdaloid complex, the basomedial nucleus, the anterior and posterior cortical nucleus (Paxinos, 1994) , of which the latter three express Vglut2 mRNA (Fig. 1) . It is also known that the amygdala receives projections from the subiculum (Paxinos, 1994) . The amygdala has been extensively linked to emotional behavior, and therefore, we find it likely that the emotional deficits observed in this study, including decreased anxiety and increased risk-taking, are linked to the lack of VGLUT2 either in terminals on the amygdala or in the glutamatergic neurons of the amygdala. The decreased anxiety observed in the Vglut2 f/f;CaMKII-Cre mice is in contrast to a recent study, which demonstrated that heterozygous Vglut1 animals are more anxious than control animals (Tordera et al., 2007) , suggesting an interesting interplay between VGLUT1-and VGLUT2-mediated glutamatergic neurotransmission in anxiety-related behavior.
The loss of Vglut2 expression in the subiculum is likely responsible for the reduction of VGLUT2-positive terminals in the nucleus accumbens, because it has been demonstrated that the subiculum is one of the major output regions of the hippocampus and thus project to many regions of the CNS including the cortex, the nucleus accumbens, and the amygdala (Paxinos, 1994) . The observed decrease of VGLUT2-positive varicosities in the dorsolateral striatum may be connected to the removal of Vglut2 in the RSG and/or the subicular/presubicular region (Figs. 1, 2) . The afferent projections to the striatum originate from cortical areas including the allocortex, mesocortex (part of which is the subiculum and RSG), and neocortex (Paxinos, 1994) . RSG projections terminate in the striatum, making it possible that the observed reduction of Vglut2-positive terminals originate in the RSG. The thalamus also project extensively to the striatum, but because we do not detect a decrease in the expression of thalamic Vglut2 mRNA levels, the reduction of terminals is not likely of a thalamic origin. The afferent projections to the striatum originate in several cortical areas including the allocortex, mesocortex (part of which is the subiculum and RSG), and neocortex, and it is likely that the Vglut2-expressing neurons found in these areas contribute to the reduced amount of VGLUT-positive terminals in the striatum. Also, because of the massive abundance of VGLUT2- f/f;CaMKII-Cre and control mice were treated with a low or a high dose of amphetamine or 8-OH-DPAT (n ϭ 8 for both genotypes and treatments). Saline injections were used as controls for methodological background. After treatment, total activity was recorded in a fully automated motor activity cage during 1 h, in which each movement was registered as one count. A, Administration of 8-OH-DPAT did not result in any detectable differences between the two groups. B, On the contrary, administration of amphetamine (1 mg/kg) increased the activity of Vglut2 f/f;CaMKII-Cre animals ( p Ͻ 0.01) to a larger extent compared with control animals. This result supports the suggestion that the dopaminergic neurons are altered downstream of Vglut2-mediated neurotransmission in Vglut2 f/f;CaMKII-Cre mice, and that this alteration may be a partial reason for their changed behavior. Error bars indicate SEM; **p Ͻ 0.01.
positive terminals in the adult brain and given the complexity in the behavioral phenotype of the Vglut2 f/f;CaMKII-Cre mice, it is possible that our characterization of VGLUT2-containing terminals in target areas of the Vglut2-deleted neurons may have left certain changes undetected.
Although the deletion of Vglut2 is here restricted to a limited number of neuronal populations, a full understanding of the neurons involved in generating the phenotype likely requires an even more restricted deletion. For example, it would be interesting to investigate whether a deletion of Vglut2 in the cortical area, and not in the amygdala, would replicate the cognitive deficits but leave certain aspects of emotional behavior normal, and vice versa. Notably, the dorsolateral striatum and the nucleus accumbens, regions having lost a significant number of VGLUT2 terminals, are target areas of the nigrostriatal and mesolimbocortical dopaminergic pathways, both of which are involved in mediating spontaneous hyperlocomotion through an increase in dopaminergic tone (Giros et al., 1996) .
Significant effect on dopaminergic components
It has been described that dopaminergic activity is modulated by glutamatergic projections from several areas including the cortex and the amygdala (Carlsson et al., 1999; Laruelle et al., 2003) and that glutamatergic afferents and dopaminergic projections converge on GABAergic striatal medial spiny neurons (Smith and Bolam, 1990) . In addition to the indirect modulation of dopamine neuron activity via the medium spiny neurons, which has been suggested to act as a "break" on dopamine release, the cortical glutamatergic neurons have also been suggested to act as an "accelerator" on dopamine release through direct innervation of the dopamine neurons in the ventral tegmental area. The balance between the "break" and the "accelerator" accounts for the net effect on dopamine release (Carlsson et al., 2001) . Interestingly, concomitant with the loss of VGLUT2-positive projections in Vglut2 f/f;CaMKII-Cre mice, we observe a 70% increase in the striatal binding of the radiolabeled DRD2 agonist [ 11 C]raclopride (Fig.  6 ). This increase in binding is seen in naive mice (i.e., in the absence of any pharmacological challenge, such as amphetamine stimulation of dopamine release, or even reserpine stimulation for dopamine depletion), suggesting a rather profound effect on the dopamine system. However, the underlying mechanism for the increase in [ 11 C]raclopride binding is not yet known. Notably, [
11 C]raclopride binding potential has been well documented as an indirect measure of changes in synaptic dopamine concentrations induced by challenge, and that a decrease in [
11 C]raclopride binding is linked to increased dopamine occupancy on the dopamine D 2 receptors (Breier et al., 1997; Thanos et al., 2002; Piccini et al., 2003) . The exact nature of such increased occupancy, whether it depends on direct competition for binding sites or a more complex noncompetitive mechanism, such as internalization of D 2 receptors, is currently debated and under investigation (Ginovart, 2005) . By comparing our PET data with studies showing a direct link between decreased raclopride binding and increased dopamine binding at D 2 receptors, it may initially seem as the Vglut2 f/f;CaMKII-Cre mice would have a lower degree of dopamine binding. Notably, the here presented genetically induced chronic downregulation of VGLUT2 could affect several aspects of synaptic function (e.g., the actual density of dopamine receptors). The observed increase in raclopride binding is thus more difficult to interpret and warrants additional in vivo investigations.
Several results from our study described here point to an increase in dopamine signaling in the Vglut2 f/f;CaMKII-Cre mice. First, measurements of total tissue dopamine content showed significant increased levels in the striatum of mutant mice. Second, Vglut2 f/f;CaMKII-Cre mice respond to administration of the partial dopamine D 2 receptor agonist aripiprazole by improvement of sensory filtering. Third, Vglut2 f/f;CaMKII-Cre mice display an augmented response to amphetamine treatment demonstrated by an increase in locomotor activity. Glutamatergic as well as dopaminergic neurotransmission in the striatum is thus affected by the Vglut2 mutation. Collectively, our results suggest that the neurocircuitry affected by the targeted deletion in the Vglut2 f/f;CaMKII-Cre mice contains a midbrain dopaminergic component, and it is likely that the observed hyperlocomotion, and possibly also aspects of the social, cognitive, and emotional behavioral defects, are linked to a dysfunction in this system. The Vglut2 f/f;CaMKII-Cre mouse model therefore links reduced VGLUT2-mediated neurotransmission to an altered dopaminergic activity, similar to the previously suggested hypoglutamatergic influence by data from pharmacological experiments and tracing studies (Kegeles et al., 2000; Sesack et al., 2003) .
Is the Vglut2
f/f;CaMKII-Cre phenotype of relevance for psychiatric disorder? Apart from their increased social interaction, the phenotype of the Vglut2 f/f;CaMKII-Cre mice relates to several phenotypes associated with animal models of schizophrenia (Powell and Miyakawa, 2006) . Increased locomotor activity in response to novel environments, as seen both in the elevated plus maze and the concentric square field (Fig. 3) , falls into the category of phenotypes that has been established for schizophrenia animal models to describe "positive symptoms." However, altered social dominance as detected in the social dominance test, and blunted emotional expression, as seen in the elevated plus maze and the MCSF, fit the criteria established for "negative symptoms," whereas impaired long-term spatial memory is a cognitive dysfunction (Fig. 4) . Importantly, PPI, which can be used to analyze the ability of sensory filtering in human subjects, constitutes a translational measure well validated also for rodents. Using this method, we see a significant decrease in sensory filtering in the Vglut2 f/f;CaMKII-Cre mice, a feature that is partially reversed by the partial D 2 agonist aripiprazole, a novel atypical antipsychotic drug that is used for treatment of schizophrenia (Burris et al., 2002) .
Schizophrenia has been associated to dysfunction of glutamatergic neurotransmission involving NMDA receptors (Jentsch and Roth, 1999) . Noncompetitive inhibitors of NMDA receptors, including PCP, ketamine, and MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate], induce schizophrenia-form symptoms when systemically administrated in a normal individual and exacerbate these symptoms in schizophrenic patients (Krystal et al., 1994; Monyer et al., 1994; Lahti et al., 1995) . In our study, PCP challenge did not seem to further disrupt the PPI response in Vglut2 f/f;CaMKII-Cre mice (Fig.  4) , indicating that no additional decrease of the filtering defect could be induced. This suggests either that the underlying mechanisms for a hypoglutamatergic response mediated by the NMDA receptor had been abolished or that the effect of a hypoglutamatergic state on PPI was saturated. Several genetic animal models have been produced, which suggest a role for altered glutamate neurotransmission in schizophrenia, including both mutations in glutamate receptor genes, and mutations in genes linked to schizophrenia in patients. For example, mice with reduced levels of the essential NR1 subunit showed schizophrenialike behavioral characteristics, which could be restored with an-tipsychotic drugs (Mohn et al., 1999) . The observed downstream effects on the dopaminergic system in the Vglut2 f/f;CaMKII-Cre mice may suggest that potential therapies targeting the glutamatergic system can be improved by striving for a subsequent influence on the dopaminergic system. Recently, strong support for a role of glutamate neurotransmission in schizophrenia came from the study of an oral prodrug of a selective agonist for metabotropic glutamate 2/3 receptors that had shown antipsychotic potential in animal studies. This compound was shown to ameliorate both positive and negative symptoms in schizophrenic patients in a comparable manner to clozapine (Patil et al., 2007) .
It is well known that dopamine D 2 receptor antagonists have antipsychotic effects and that indirect agonists such as amphetamine can induce psychosis. Also, various experimental approaches using a combination of pharmacology and imaging by several laboratories have shown an increased dopamine release in response to amphetamine provocation in patients with schizophrenia compared with controls; in addition, baseline dopamine levels have also been shown to be increased in schizophrenia patients (Laruelle et al., 2005) . However, as stated by Carlsson and colleagues, the elevation of dopamine release observed in patients with schizophrenia is not necessarily a primary phenomenon, but could be a consequence of, for example, hypoglutamatergia. In support of this, it has been found in both rats and humans that drugs that block NMDA receptors are capable of enhancing the spontaneous and especially the amphetamineinduced release of dopamine, by a mechanism that is not yet known (for review, see Carlsson et al., 2001) . In this respect, it is interesting to note that Vglut2 f/f;CaMKII-Cre mice are more sensitive to provocation with amphetamine than control littermates (Fig.  7) and to also analyze extracellular dopamine content and the kinetics of [ 11 C]raclopride occupancy in these mice after a similar provocation would be highly interesting. Although the behavior of Vglut2 f/f;CaMKII-Cre mice manifests a schizophrenia-like phenotype, as established for animal models, it should be noted that it is not certain to what extent the observed behaviors of the mice is of actual relevance for schizophrenia. It is also important to keep in mind that the behavioral changes observed in the Vglut2 f/f;CaMKII-Cre mice not necessarily all are connected to the regulation of dopamine levels; instead, they may be dependent on the loss of specific VGLUT2-mediated neurotransmisson itself.
The Vglut2 f/f;CaMKII-Cre mouse could become an important research tool in drug-identifying endeavors, and importantly, because this mouse model downregulates glutamate release from the presynaptic site, it offers a unique opportunity to test drugs acting on postsynaptic targets, because the model does not confound the measurements by affecting this region of the synapse directly. In addition, the Vglut2 f/f;CaMKII-Cre mice display a temporal expression pattern that may be of relevance to schizophrenia, a disorder in which symptoms often emerge at late adolescence. The reduced VGLUT2-mediated neurotransmission of the Vglut2 f/f;CaMKII-Cre mice is induced at ϳ3 weeks of age, which notably, despite this restriction in time of onset, is sufficient to induce profound changes in behavior. In summary, we deleted Vglut2 expression in neurons of the cortex, hippocampus, and amygdala, and identified a role for VGLUT2 in neuronal circuitry of higher brain functions including cognitive, social, and emotional behavior. Even with the restricted deletion of VGLUT2-mediated signaling in the Vglut2 f/f;CaMKII-Cre mouse, the clear molecular and behavioral consequences of this deletion suggest that this genetic mouse model may become useful for additional studies of reduced VGLUT2-mediated neurotransmission in relation to higher brain function and disorders thereof.
